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Available online 5 May 2005IntroductionIt is very clearly apparent. . .how great is the usefulness of a
knowledge of the bones, since the bones are the foundation
of the rest of the parts of the body and all the members rest
upon them and are supported, as proceeding from a primary
base. Thus if any one is ignorant of the structure of the
bones it follows necessarily that he will be ignorant of very
many other things along with them (Massa, 1536).
With this admonition in mind, scientists from a multitude
of disciplines have made forays into the field of skeletal
biology. Given the constraints of time and space, we have
opted to provide a broad survey of the latest contributions to
the field of skeletal biology and have foregone basic
descriptions of the processes of endochondral and intra-
membranous ossification, about which several excellent
reviews have already been written (Eames et al., 2003; Hall
and Miyake, 1992, 1995, 2000). For example, we now have
a better understanding of how the skeletal ‘‘bauplan’’ is
established, thanks to new studies on the role of Hox
homeobox genes. Once the skeletal pattern is set up, other
recent experiments have yielded insights into just how cells
make the choice to differentiate into chondrocytes or
osteoblasts. Both molecular signals and mechanical stimuli
play a role in skeletal cell determination, and there are some
fresh hints about points of convergence between molecular
and mechanical factors that influence skeletogenesis. In
recent years, enormous strides have also been made towards
unscrambling the convoluted ties that bind chondrogenesis,
osteogenesis, and angiogenesis and these findings are
presented here in the context of skeletal development and
healing. The skeleton appears to be one of the tissues most
amenable to repair through the use of stem cells, and a spate0012-1606/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.ydbio.2005.03.036
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E-mail address: jhelms@stanford.edu (J.A. Helms).of new papers reveal how fat might be turned into bone for
such regenerative procedures. Lastly, we touch on some
innovative experiments by evolutionary biologists and ge-
neticists who are affording us novel views into the kinds of
forces that sculpt the skeleton. Niccolo Massa would have
been proud; the field of skeletal biology is growing as never
before.‘‘Form follows function’’
Twentieth century modern architects embraced the
concept that function, and not historic precedent, should
dictate the structural design of their new skyscrapers. One
might consider the skeleton in a similar light: its form is
highly adaptable to its intended function as the body’s
structural framework. In the last year, strong evidence
supporting the malleability of the vertebrate skeleton has
come from several genetic studies that have focused on the
role of the Hox homeobox transcription factors.
The role of Hox genes in skeletal patterning has been the
subject of intense scrutiny for nearly 20 years (Kmita and
Duboule, 2003) and interest in this class of DNA binding
proteins has steadily increased. Collectively, these studies
indicate that a general function of Hox genes is to impart
regional identity to cells along various axes of the body
(Hunt and Krumlauf, 1992). Yet, despite the long-standing
interest in Hox genes, and the fact that more than 15 Hox
genes have been knocked out, these analyses have only
brought incremental increases in understanding how Hox
genes function, in part because of redundancy within this
family of transcription factors (Gavalas et al., 1998;
Hashimoto et al., 1999; Podlasek et al., 1999; Post and
Innis, 1999). Capecchi and Wellik recently bypassed the
problem of Hox redundancy by disrupting all members of
the Hox10 and Hox11 paralogous groups and in doing so,82 (2005) 294 – 306
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overall pattern of the body skeleton. Capecchi and Wellik
found that by eliminating the function of all Hox10 genes,
the lumbar vertebrae were transformed into thoracic
vertebrae. Normally, ribs are restricted to the thoracic
region, but in these mutants, the lumbar vertebrate sprouted
rib processes (Wellik and Capecchi, 2003). They then found
that by removing the function of all Hox11 genes, they
replaced sacral vertebrae with lumbar vertebrae. These
transformations are remarkable because they imply that
entire segments of the body plan are laid out by interactions
among a very small number of transcription factors.
One needs to look no further than snakes for a
confirmation of the concept that a Hox homeobox code
acts as a crucial checkpoint in the organization of body plan.
A few years ago, Marty Cohn and Cheryl Tickle showed
that these vertebrates might have been induced to turn in
their walking shoes by a simple switch in Hox function
(Cohn and Tickle, 1999). The investigators speculated that
Hox genes controlled where along a body axis that limb
buds grow out. When compared with legged vertebrates,
Cohn and Tickle found that the expression patterns of
HoxC6 and HoxC8 were expanded in pythons: both Hox
genes were expressed from the base of the skull to the
caudal thoracic region (Cohn and Tickle, 1999). The upshot
of these continuous expression domains was that the ‘‘Hox-
free’’ zone, corresponding to the site where forelimbs sprout
out from the body wall, is effectively eliminated in snakes.
A Hox-free zone is not, however, required for limb bud
initiation: in snakes and whales, the loss of hindlimbs is not
due to a failure to initiate limb outgrowth (Bejder and Hall,
2002); rather, limb bud development is arrested shortly after
the skeletogenic condensations of proximal limb elements
have formed (Greene, 1997). And although limblessness is
viewed as an essential characteristic of serpents, the fact is
that some primitive snakes have tiny, claw-like hindlimbs
that are employed during combat and courtship (Greene and
Cundall, 2000). Therefore, determining out how Mother
Nature has tweaked Hox gene expression – or Hox gene
regulation – to create limbed and limbless animals will
undoubtedly be a worthy mystery to solve.
By regulating tissue-specific Hox gene expression,
segmentation of the vertebrate axial skeleton can be
modified, but it doesn’t stop there. Marty Cohn has gone
on to explore a variation on the theme of Hox expression
more recently, this time focusing on the jaw joint. The jaw
joint arises from the first pharyngeal (branchial) arch, which
is located at the anterior end of the segmented head
structures. In vertebrate evolution, the acquisition of a
hinged jaw joint transformed its bearer from prey into
predator. As with other Hox genes located along the an-
terioposterior body axis, gain- and loss-of-function studies
convincingly demonstrate that HoxA gene expression con-
strains the range of decisions that cells – in this case, cranial
neural crest cells – can make as they differentiate into the
facial skeleton (Couly et al., 2002; Ruhin et al., 2003).The most anteriorly expressed Hox gene, HoxA2
(Creuzet et al., 2002) is not expressed in the first arch of
jawed animals. Cohn wondered if the absence of HoxA
expression was associated with the ability of the pharyngeal
skeleton to modify itself into a hinged jaw joint. He tested
this hypothesis by examining animals that lack a hinged jaw
joint (agnathans), and focused first on the lamprey. As he
suspected, Cohn found that the jawless lamprey expressed a
HoxA gene in the first pharyngeal arch. To further bolster
his argument that this persistent expression correlated with a
jawless phenotype, he examined a more primitive jawless
species, the cephalochordate amphioxus. He found that they,
too, exhibited HoxA expression in the first arch (Cohn,
2002). Together, these two observations lend credence to the
idea that loss of HoxA function provides a mechanism to
switch to a permissive environment in which a hinged jaw
joint can evolve. These observations establish correlation,
but not causation, between the loss of Hox function and the
evolution of hinged jaws, but are nonetheless very compel-
ling data, especially when considered in light of phenotypes
arising from mis-expression of HoxA2 in other vertebrate
model systems (Hunter and Prince, 2002; Jungbluth et al.,
1999).
The preceding experiments aimed at understanding
Hox function in the vertebrate axial, cranial, and
appendicular skeletons demonstrate the crucial nature of
Hox genes in establishing skeletal pattern and restricting
cell fates. Hox genes are also critically important in
establishing skeletal pattern within a tissue such as the
limb bud, and in patterning specific skeletal elements
themselves; readers will find a number of excellent
reviews that detail these additional Hox functions (Tabin,
1992, 1995).Molecular determinants of a skeletogenic fate
After Hox genes have established the basic bauplan of
the skeleton, other transcription factors become instrumental
in specifying skeletal cell fates. Two groups of nuclear
proteins, the paterfamilias of which are Sox9 and Runx2, are
familiar determinants of chondrocyte and osteoblast cell
fate, respectively. Although they are not the only regulators
of skeletogenic cell differentiation, these genes have become
recognized as key checkpoints in the program of skeleto-
genesis, in large part through analyses of the null mutants.
For example, Sox9 is a master regulator of chondrogenic
initiation in the appendicular skeleton, as demonstrated by
the fact that tissue-specific inactivation of Sox9 prevents the
aggregation of pre-chondrogenic cells and consequently,
blocks the formation of cartilage (Akiyama et al., 2002).
Sox9 achieves this effect in part because it directly
upregulates the expression of cartilage-associated genes
such as Collagen type II (Bell et al., 1997). Benoit de
Crombrugghe and colleagues recently tested whether Sox9
was also required for chondrogenesis in the head, where
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Wnt1 promoter to target Sox9 deletion in cranial neural crest
cells, the authors produced some very interesting results
(Mori-Akiyama et al., 2003). Before describing the experi-
ment, however, it helps to have some background on
skeletogenesis in the head versus the rest of the body. First,
the head is home to bones that form by two very different
processes, endochondral and intramembranous ossification.
Second, not all cartilages in the head are equal: some
undergo vascular invasion, and are referred to as ‘‘replace-
ment cartilages’’ (Eames et al., 2004). Other cartilages do
not undergo vascular invasion; in some cases, these
‘‘persistent cartilages’’ transform into a ligamentous struc-
ture in the adult. Since Sox9 is expressed in all cells of
skeletogenic condensations, de Crombrugghe’s group was
able to test the requirement for Sox9 in bone formation that
occurs with and without a cartilage intermediate and in
cartilages that undergo vascular invasion as well as those
that do not. They found that replacement cartilages, along
with the bones that use these cartilages as scaffolds, were
absent. On the other hand, bones that formed through
intramembranous ossification were relatively unaffected
despite the fact that the persistent cartilages were lost
(Mori-Akiyama et al., 2003). At first blush, this may seem
like an expected outcome since Sox9 is best known for its
function in chondrocytes. But upon further examination,
these data reveal an essential difference between bone that
forms around a cartilage scaffold and eventually replaces a
chondrogenic anlagen (i.e., endochondral ossification), and
the bone which forms lateral to a cartilage anlagen. In the
lower jaw, Meckel’s cartilage forms a rod-like structure next
to which the mandibular bone forms. In Wnt1Cre::Sox9
mice, the authors found that Meckel’s cartilage does not
form, but this does not stop the process of intramembranous
ossification: the mandible, although misshapen, still con-
denses and ossifies (Mori-Akiyama et al., 2003). One
important implication from this finding is that signals
emanating from replacement cartilages are absolutely
required for osteoblast differentiation, but these same
signals are not part of the molecular repertoire of persistent
cartilages. The identities of these signals are still up for
debate, but the group also noted that cells slated to become
chondrocytes instead appeared to commit to an osteogenic
fate (Mori-Akiyama et al., 2003). Therefore, Sox9 also
plays an important role in osteogenesis.
On the other side of the skeletogenic fence, Runx2 has
been described as a key regulator of osteogenesis. For
example, inactivation of Runx2 produces embryos that lack
bone (Komori et al., 1997; Otto et al., 1997), and in vitro
assays have demonstrated its function as a critical mediator
of osteogenesis (Ducy et al., 1997; Mundlos et al., 1997).
As we have clearly seen from the previous experiments,
however, Nature is rarely so simplistic: Runx2 is also
expressed in chondrocytes (Lengner et al., 2002) and closer
examination of the Runx2/ skeleton now reveals that
chondrogenesis is also perturbed (Hoshi et al., 1999; Inadaet al., 1999; Kim et al., 1999). Runx2/ cartilages fail to
reach terminal hypertrophy (Hoshi et al., 1999; Inada et al.,
1999; Kim et al., 1999), indicating that an ‘‘osteoblast-
specific’’ transcription factor is actually required for
terminal differentiation of chondrocytes as well.
These Runx2 data elegantly illustrate how the multiple
and overlapping functions of a gene can be initially
obscured in the phenotype of a null mutation. In addition,
they raise the question of whether a common precursor cell,
the ‘‘osteo-chondroprogenitor’’, actually exists (Muraglia et
al., 2000). If it does exist, what critical signals – or balance
of signals – mediate its differentiation down one lineage
versus the other? Besides the molecular players in this
process, other new data indicate that the mechanical
environment can influence this cell fate decision as
illustrated below.A skeleton in the closet: the role of mechanical stimuli in
skeletal tissue formation
Scientists have long speculated that gravity influences
the evolution of body size (Gould, 1976), and since the
skeleton is a structural, load-bearing system, it makes sense
that this tissue would incorporate feedback signals from the
microenvironment that influence its formation/development.
Precisely how chondrocytes and osteoblasts sense these
proposed mechanical stimuli has been area of substantial
speculation and, in some rare cases, actual experimentation.
For example, in recent years, scientists have determined that
stresses and strains can regulate the differentiation of cells
into chondrocytes and osteoblasts in an in vitro environment
(Fong et al., 2003; Wong et al., 2003). Whether mechanical
stimuli mediate chondrocyte and osteoblast differentiation
in vivo still remains to be proven. One new study provides a
theoretical framework and some cellular and molecular
correlations in which to consider this very compelling
possibility.
Before embarking on a description of the experiment,
however, a brief overview is in order. Over one hundred
years ago, the developmental biologist W. Roux postulated
that mechanical stress caused the differentiation of con-
nective tissues to bone and cartilage (Roux, 1895).
Mathematical models have also been proposed in an attempt
to understand the stress states in developing limbs (Pauwels,
1965, 1980). More recently, finite element analyses predict
that defined mechanical stimuli, such as shear stress and
compressive hydrostatic stress, influence bone and cartilage
formation (Carter and Wong, 1988) and in the intervening
years, a surfeit of in vivo and in vitro experimentation
supports the hypothesis (reviewed in Estes et al., 2004).
These forces aren’t limited to postnatal development, either:
biomechanical principles dictate that tissues growing at even
slightly different rates can generate forces that will act on
nearby cells (Shefelbine and Carter, 2004), in much the
same way that morphogen gradients are thought to influence
Fig. 1. The influence of growth-generated mechanical forces on osteoblast
differentiation. (A) Tabulated data from inducing stresses and strains in
precursor populations demonstrate that cells exposed to tensile strain tend
to differentiate down the bony lineage whereas cells exposed to pressure
tend toward the cartilage fate (Carter et al., 1998). (B, C) Using finite
element analysis, Henderson and Carter calculated fields of (B) pressure
(compressive hydrostatic stress) and (C) traction (tensile stress) in a
theoretical bony element where the cartilage is growing faster than the
surrounding tissue. In both pressure and traction models, (a) and (b)
represent transverse sections through the element at the positions indicated.
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rates influence chondrocyte and osteoblast differentiation
during in vivo skeletal development? Histomorphometric
measurements made of the developing condensations of
fetal skeletal elements were used to calculate growth rates,
and these data were then used in a finite element model to
estimate the location and magnitude of pressure and tension
gradients (de la Fuente et al., in preparation). The modeling
indicated that cells located in areas of rapid growth (at the
center of condensations) were under hydrostatic pressure
whereas cells located at the border of the condensation were
under tensile strain (Fig. 1). Further iterations of the model
indicated that hydrostatic pressure increased with time and
the pattern of tensile strain became more localized to the
boundary region between the condensation and the sur-
rounding tissues. The predicted pressure and tension
gradients mirrored precisely the spatial and temporal
expression patterns of chondrocyte- and osteoblast-related
genes, respectively (de la Fuente et al., in preparation). The
inference from these data is that hydrostatic pressure drives
cells towards chondrogenic differentiation whereas tensile
strain favors osteogenic differentiation, a supposition that is
favored by abundant in vitro data (Lee et al., 2003b; Scherer
et al., 2004; Smith et al., 2004).
A number of fundamental questions remain. First, we
don’t know if the calculated values of pressure and tension are
actually sufficient to direct chondrogenic or osteogenic cell
differentiation, or even if these forces are actually resident in
the tissues. Using a combination of sophisticated laser
microsurgery and urbane mathematical modeling, Glenn
Edwards and colleagues have actually measured the various
forces that reside within growing Drosophila tissues (Hutson
et al., 2003), and we await the application of similar
approaches to the problems of skeletal tissue formation. A
second, unanswered question is that if growth-generated
forces such as these do exist, how do cells actually sense and
interpret such mechanical gradients? A fresh clue to this last
question has come, from all places, the Drosophila embryo
and analyses of the Twist protein.
Twist was first identified in the fruit fly as a gene that
played a critical role in gastrulation and mesoderm formation
(Ray et al., 1991). Twist is also involved in allocating
mesodermal cells to a muscle fate and patterning a subset of
these muscles (Castanon and Baylies, 2002). Now in a new
paper, an additional vocation has been identified: the Twist
protein appears to serve as a mechanosensor (Farge, 2003).
Emmanuel Farge was intent upon finding genes that were
involved in the transduction of mechanical stimuli and used
an especially novel and very practical approach. Instead of
delivering a chemical teratogen like previous large-scale
mutagenesis screens, Farge subjected wild-type Drosophila
embryos to a uniaxial compressive load along their dor-
soventral axis and evaluated them over time for morpho-
logical variations. He noticed that, in some cases, the
embryos were ‘‘ventralized’’, which suggested that the
compressive force either repressed the expression of dorsalmarkers, or ectopically activated the expression of ventral
markers in the embryo. Using a candidate approach, Farge
tested whether the ventral transcription factor Twist was
upregulated by the compressive force. Using antibodies
against the Twist protein, and the expression of LacZ in Twi-
LacZ embryos, he discovered that the gene was induced a
mere 10 min after compression (Farge, 2003). Even
physiologically generated mechanical stresses, produced
during morphogenetic movement of cells, were sufficient to
induce Twist in the embryo (Farge, 2003). Twist induction
requires the nuclear localization and transcriptional activity
of a second player, Armadillo, and Fargewent on to show that
this multifunctional adaptor protein is essential for the
transduction of the mechanosensory signal since Armadillo
mutant flies fail to respond to same mechanical stimulation.
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have recently come to the forefront as mediators of
osteoblast fate determination (Bialek et al., 2004). A group
of investigators from Baylor College of Medicine, South-
western University, and Washington University in Saint
Louis showed that Twist could act as a repressor of
osteoblast differentiation by interfering with the ability of
Runx2 to bind to DNA. They demonstrated that Twist is
normally expressed in Runx2-positive cells, and that it is
only after Twist mRNA is downregulated that mature
osteoblast-specific genes such as Osteocalcin can be
detected (Bialek et al., 2004).
Do vertebrate Twist proteins act as mechanosensors like
their invertebrate counterpart do? For an answer to that ques-
tion, one has first to revisit the field of bioengineering. In
biomechanical parlance, tension induces osteogenesis while
repressing chondrogenesis, and conversely, compression fa-
vors chondrogenesis and opposes osteogenesis (Wong et al.,
2003). If this biomechanical teeter–totter is considered along
with the Drosophila data, then one comes up with a scenario
in which compression-induced chondrogenesis might be
mediated by Twist. The biomechanical model further predictsFig. 2. Integrated inputs control endochondral ossification: from chondrogenic con
occurs through a series of differentiation steps. First, undifferentiated mesenchymal
into a skeletogenic condensation. Next, the cells in this condensation undergo o
chondrocytes progressively mature, eventually undergoing hypertrophy. Finally, o
of these steps, there are multiple genetic and environmental factors that feed into
schematic representation. Numbers 1–9 correspond to citations supporting the rol
Eames et al. (2003) and Hall and Miyake (1992, 1995, 2000); (3) Ryu et al. (200
(2000); (6) Akiyama et al. (2004); (7) Bain et al. (2003), Luo et al. (2004), andthat pressure would lead to repression of osteogenesis
(Fig. 2), which fits in well with the new finding that Twist
represses osteoblast differentiation (Bialek et al., 2004).
But it doesn’t end there.
Recall that nuclear translocation of the Armadillo protein
is required for the mechano-sensitivity of the Twist protein
in Drosophila (Farge, 2003). New data now show that the
vertebrate homolog of Armadillo, h-catenin, is in a
molecular arm-wrestle with Sox9 to regulate chondro-
genesis (Fig. 2). The proteins directly interact with one
another (Akiyama et al., 2004), and in short, whichever
protein is expressed at the higher level in the nucleus
eventually takes over control of the fate of any given cell.
This molecular arm-wrestling is exemplified by the fact that
h-catenin represses the differentiation of pre-chondrogenic
cells into overt chondrocytes (Ryu et al., 2002) while Sox9
induces this same step (Bi et al., 1999). In overtly
differentiated chondrocytes, h-catenin induces chondrocytes
to undergo hypertrophic differentiation (Hartmann and
Tabin, 2000) while Sox9 represses their differentiation
(Akiyama et al., 2002; Bi et al., 2001). Thus, by acting in
a push me–pull you fashion, Sox9 and h-catenin regulatedensation to periosteal osteoblast differentiation. Endochondral ossification
cells become committed to the chondrogenic lineage and begin to aggregate
vert differentiation to become chondrocytes and form cartilage. Then, the
steoblasts in the perichondrium differentiate to form a periosteum. For each
the cellular decision-making process, some of which are compiled in this
e of various inputs to steps in skeletogenesis. (1) Akiyama et al. (2002); (2
2); (4) Akiyama et al. (2002) and Bi et al. (2001); (5) Hartmann and Tabin
Westendorf et al. (2004); (8) Farge (2003); (9) Bialek et al. (2004).)
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(summarized in Fig. 2).
When considered together, a remarkably consistent story
begins to emerge. Compression induces Twist expression
through a mechanism that requires Armadillo, and both the
mechanical force and molecular factor are known to favor
chondrogenesis (Bialek et al., 2004; Farge, 2003). The
opposite seems to be true for osteogenesis, where evidence
suggests that tension favors bone formation (McBeath et al.,
2004). If this paradigm turns out to be as applicable in vivo as
it has proven to be in vitro, then future bone biologists and
mechano-biologists will be working together ever more
closely in order to unravel how molecular signals and
mechanical stimuli regulate bone formation.
This harmonic convergence of sorts, between mechanical
and molecular inputs regulating skeletogenesis, brings up
other questions concerning the mechanics of h-catenin
function. For example, h-catenin is required for multiple
intracellular processes and its nuclear localization is impor-
tant for its activity (reviewed in Willert and Nusse, 1998);
does mechanical compression therefore affect the cellular
localization of h-catenin? And is h-catenin a critical
checkpoint around which both types of input affect formation
of the skeleton? Until we have a way of reliably controlling,
perturbing, or sensing mechanical stresses and strains during
skeletal tissue formation, these will remain intriguing but
unanswered riddles. There is no doubt, however, that Wnts,
predominantly through the activity of h-catenin, play
important roles in skeletogenesis, as noted below.Wnt signaling and skeletogenesis
The Wnt ligands are secreted molecules that bind to cell
surface receptors Frizzled and low-density lipoprotein
receptor-related protein (LRP), leading eventually to the
transcription of target genes through the nuclear activity of h-
catenin and the cooperating DNA binding protein TCF
(Clevers, 2004; Nelson and Nusse, 2004). Unraveling the
function(s) ofWnt proteins in the regulation of skeletogenesis
has been a knotty problem, however, confounded by
questions of functional redundancy, multiple times and sites
of action, and the presence of other molecules that compete
with Wnt function. Indisputably, Wnts are involved in
embryonic skeletal patterning, fetal skeletal development,
and adult skeletal remodeling (Abe et al., 2003; Yamaguchi et
al., 1999; Yang et al., 2003). Mice carrying mutations in
Wnts, their co-receptor encoded by LRP5, and intracellular
mediators such as h-catenin, exhibit a range of skeletal de-
fects (Akhter et al., 2004; Boyden et al., 2002; Fong et al.,
2003; Kato et al., 2002; Lee et al., 2003a; Yamaguchi et al.,
1999; Yang et al., 2003). In vitro experiments also implicate
Wnt signaling in osteogenesis and chondrogenesis (Daumer
et al., 2004).
Despite all of these data, the functions of Wnt signaling
in the programs of cartilage and bone biology remainunclear. Take, for example, two recent studies that show
Wnt proteins inhibit the ability of human mesenchymal stem
cells to differentiate into osteoblasts (Boland et al., 2004; de
Boer et al., 2004) while three other studies show that Wnt
signaling, through h-catenin, contributes to osteoblast
differentiation (Bain et al., 2003; Hu et al., 2005; Luo et
al., 2004; Westendorf et al., 2004). The reason(s) for this
apparent conflict are not immediately obvious. One possi-
bility is that Wnts perform unique functions at different
stages of skeletogenesis. For instance, Wnt signaling
inhibits differentiation of mesenchymal progenitors into
overt cartilage but subsequently facilitates chondrocyte
maturation and hypertrophy (Akiyama et al., 2004, see
Fig. 2). Because of this, both inactivation and ectopic
activation of the Wnt pathway at early time points may
abrogate skeletogenesis, albeit for different reasons. Most of
these studies use retroviral expression systems where there
is little or no control over the timing of Wnt protein
production. Since timing is critically important in the
regulation of cell differentiation, this may explain in part
the discrepancies in the outcomes of Wnt signal modulation.
An important piece of new data that may actually tie
together these disparate functions of Wnts has come from
studies on the roles ofWnts in hematopoiesis. Roel Nusse, Irv
Weissman, and their colleagues at Stanford showed thatWnts
act as a molecular switch between the proliferation and
differentiation of hematopoietic cells (Reya et al., 2003;
Willert et al., 2003). Their data elegantly demonstrate that
Wnts are responsible for maintaining ‘‘stemness’’ in a stem
cell (Reya et al., 2003). From these data, we can postulate that
Wnts have a similar function in skeletogenesis. By regulating
the delicate balance between proliferation and differentiation
of skeletogenic precursors, Wnts could influence the out-
growth of the limbs, the shape and size of skeletogenic
condensations, and the mass of adult bones. Whether this
conjecture is true remains to be proven, but doing so will be
no easy feat.Wnt signaling will have to be precisely regulated
in both time and space, which is an experimental approach
that still eludes us in a laboratory setting.When in Rome. . .
Whether bone is formed by cells or in a bioreactor,
one thing is clear: new strategies to engineer skeletal
tissues are oftentimes expedited when we understand how
Nature addresses the problem. Take, for example, the
question of skeletal repair. Many investigators use the
fetal process of skeletogenesis as a starting point to
understand skeletal regeneration. First gaining insights
into the regulatory mechanisms governing chondrocyte
and osteoblast differentiation, these investigators next turn
to the problem of bone repair, and learn how to regulate
these molecular and cellular processes to augment the
healing response. In the last year, a number of groups
have focused on this yin and yang of osteogenesis and
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make bone out of fat.
One set of studies began by exploring the role of the
nuclear receptor, PPARg, in mediating the decision between
adipogenesis and osteogenesis. Investigators found that ES
cells homozygous for a deficiency in PPARg spontaneously
differentiate into osteoblasts, and PPARg haploinsufficiency
enhances osteoblast formation (Akune et al., 2004). Con-
versely, ligand activation of the receptor tips the balance
towards adipogenesis (Jeon et al., 2003). The mechanism by
which PPARg mediates this switch has yet to be worked out
though. A cursory search for the PPARg response element
(PPRE) upstream of bone-inducing genes like Runx2 has not
yielded matches, but at least two other possible mechanisms
are apparent. First, PPARg may regulate bone formation
through a PPRE-independent mechanism involving repres-
sion of the AP-1 family of signal transducers (Akune et al.,
2004). Second, the effects of PPARg on bone formation may
be indirect, that is, the osteogenic pathway may be
compromised simply because PPARg induces precursor cells
to differentiate down the adipogenic lineage (Akune et al.,
2004). This latter finding raises the question, are these two
cell types really such close relatives?
A second line of investigation started with this supposi-
tion, that fat and bone are two sides of the same coin. The
authors focused on the importance of cell shape and
mechanical cues in mediating the switch between fat and
bone and found that human mesenchymal stem cells
(hMSCs) that adhered and spread in a dish underwent
osteogenesis, whereas cells with a rounded, unattached
morphology became adipocytes (McBeath et al., 2004). They
identified RhoA, amember of the small GTPase family, as the
likely switch between these two different cell fates, by
expressing a dominant negative RhoAwhich forced hMSCs
down an adipocyte lineage. Conversely, constitutively active
RhoA led to osteogenesis (McBeath et al., 2004). This study
highlights the importance of epigenetic factors in influencing
cell fate, and raises some important questions. For example, is
RhoA directly or indirectly modulated in response to
mechanical cues? And how is the RhoA signal translated
into instructions for an osteogenic program?
The principle of a close relation between adipogenesis
and osteogenesis was recently put to use in experiments
performed by Michael Longaker and colleagues. These
researchers made a proverbial silk purse out a sow’s ear and
in this case the sow’s ear was fat. The authors seeded
adipose-derived stromal cells onto an apatite-coated polymer
and implanted them into a non-healing skull defect and
found that, compared to bone marrow stromal cells, the
adipose-derived cells healed the defect more rapidly. The
former fat cells did not merely facilitate the differentiation of
other cells at the site but instead, actually formed bone that
mended the defect (Cowan et al., 2004). Could this
mechanism be used to stimulate skeletal regeneration on a
broader scale? The idea is certainly appealing, but awaits a
better understanding of just how cells are getting ‘‘from hereto there’’ in terms of differentiation. Once we understand
these cellular steps, we can begin to think of how to use such
stromal populations for the treatment of a host of diseases
and disorders. One other cell type indispensable for such
regenerative undertakings is the vascular endothelium,
which has become the focus of considerable interest of late.Joined at the hip: the programs of angiogenesis and
osteogenesis
Skeletal morphogenesis and vascular development are
virtually inseparable processes. Prior to the initiation of
skeletogenesis, an intact vascular network fills the region
where skeletal tissues will form. This vascular network
subsequently undergoes extensive remodeling, by a mecha-
nism that likely involves vessel disassembly and endothelial
cell displacement (de la Fuente and Helms, unpublished
observations). The end result is the creation of avascular
spaces where the skeletogenic condensations eventually
materialize (Feinberg and Beebe, 1983). Vascular remodeling
and skeletogenesis are therefore in a type of interplay but how
they are synchronized has been a puzzle. Maurizio Pacifici
and colleagues showed that the embryonic field must become
avascular in order for skeletogenesis to take place. If the area
is forced to remain vascular by the addition of vascular
endothelial growth factor (VEGF), then skeletal condensa-
tions do not form (Yin and Pacifici, 2001). Conversely, if the
condensations are not allowed to develop because of the
inactivation of Sox9, then the vasculature doesn’t regress
(Akiyama et al., 2002) (Fig. 3). But how vascular clearing and
cell condensation are initiated remains unknown.
Later, during skeletal development, the vasculature
remodels once again, this time to invade the hypertrophic
cartilage matrix and replace it with a marrow cavity and bone
(reviewed in Eames et al., 2003). This vascular invasion is,
once again, in response to angiogenic factors such as VEGF
that are produced by hypertrophic chondrocytes (Colnot and
Helms, 2001; Zelzer et al., 2002). Absent this vascular
invasion, the program of endochondral ossification halts at
the terminal differentiation of chondrocytes (Colnot et al.,
2004). The vasculature and the skeletal tissues are therefore
in a tango, where one tissue steps back while the other moves
forward. Which tissue, the vasculature or the skeleton, leads
and which one follows?We still don’t have the answer to that
question, but thanks to two studies, we do have new insights
into the molecules that coordinate some of these dance steps.
Indian hedgehog (Ihh) was initially described for its role
in regulating chondrocyte maturation (Lanske et al., 1996;
Vortkamp et al., 1996), and in mediating osteoblast differ-
entiation (Long et al., 2004; St-Jacques et al., 1999). A new
study now reveals that this morphogen also regulates the
behavior of endothelial cells that surround the skeletal
elements (Colnot et al., 2005). Previous reports suggested
that blood vessels didn’t invade the Ihh/ skeleton, per-
haps because the cartilage doesn’t mature to a point where it
Fig. 3. Angiogenesis influences skeletal differentiation at multiple steps.
(A–C) India ink- injected chicken embryos illustrate the process of
vascular regression that accompanies skeletogenesis. (A) At St. 24, the
posterior digit field is filled with blood vessels (arrow), but (B) by St. 25,
the vasculature has begun to clear in and around the area where the
posterior-most digit will form (arrow). (C) By St. 26, the vasculature
regression is plainly evident in the posterior-most digit (arrow) and is
underway in the next most anterior digit. (D, E) Exogenous VEGF can
prevent vascular regression and disrupt skeletogenesis. Contralateral control
samples are above; VEGF-treated samples are below. (D) A digit field
treated with a VEGF-soaked bead after 24 h (arrow) has increased vessel
density as compared with the control limb (arrowhead), whose vessels have
begun to thin out. (E) 60 h after VEGF treatment, an alcian blue stain
demonstrates that the VEGF-treated digit field does not contain cartilage
(arrow), while the control limb has robust cartilage in that same location.
(F–H) Vascular invasion is required for endochondral ossification. (F)
Mouse wild-type skeletal elements transplanted into an adult kidney
capsule (used as an ex vivo system to study skeletogenesis) become
invaded by host vasculature and undergo ossification (black element). (G) If
a filter is placed between the skeletal element and the kidney beneath, host
blood vessels cannot reach the graft, and ossification does not occur (blue
element). Similarly, disruption of VEGF signaling (using mFlt-IgG)
prevents the grafted element from ossifying.
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examination of the mutant skeleton now reveals that while
they are slow to mature, Ihh/ chondrocytes do undergo
hypertrophy and express VEGF, and that Ihh/ endothelial
cells can invade the cartilage. The crux of the matter is that,
once having invaded, these Ihh/ vascular cells fail to
persist. If the Ihh/ skeletal element is transplanted into an
ex vivo environment where its growth can be sustained by a
wild-type vasculature (e.g., underneath the renal capsule of
a wild-type host), the Ihh/ endothelial cells can survive,
but not for long (Colnot et al., 2005).
As is often the case, this study generates more questions
than it answers. For example, vascular cells don’t produce
Ihh, they respond to it (indicated by their expression of Ptc).
But does this ‘‘response’’ entail, other than invading into acartilage anlagen? One response might be a remodeling kind
of function; McMahon and colleagues showed that eliminat-
ing Ihh, or rendering endothelial cells incapable of respond-
ing to a Hedgehog signal, reduces or eliminates their
capacity to remodel (Byrd et al., 2002). Another possibility
is that Ihh, or one of its downstream targets, may be directly
required for blood vessel maturation and/or expansion, as
suggested by a recent study investigating Sonic hedgehog
and vascular tube assembly (Vokes et al., 2004). Alter-
natively, Ihh signaling might provide survival instructions to
blood vessel cells, informing them of how to persist in the
ossification center. Evidence for this kind of Hedgehog-
dependent programming function also exists in the literature;
for example, Vogel, Weinstein, and their colleagues showed
that Shh helps establish arterial, as opposed to venous,
identity for endothelial cells (Lawson et al., 2002). Which-
ever way it goes, a role for Hedgehogs in the vascular aspects
of skeletogenesis is now undeniable.Head to head: ossification fronts in the cranial vault
Although long bones are typically the focus of skeleto-
genic studies, for adventurous skeletal biologists the cranium
holds a number of enticing avenues for study. Not only are
the bones and cartilages of the head derived from two
lineages (paraxial mesoderm and cranial neural crest), both
intramembranous and endochondral ossification take place
and, in addition to typical weight-bearing joints, there is a
second joint-like structure found only in the head. The
sutures act as lynchpins to determine the final shape of the
skull, and they can adversely affect head growth by fusing
either too late or too early—or fusing when they shouldn’t.
These conditions, known as craniosynostoses and persistent
calvarial foramina, occur as often as 1 per 2500 live births. It
has therefore become of great interest to understand the
genetic mechanisms underlying suture closure.
Proper suture fusion depends upon the orderly progres-
sion of cells through three steps. First, neural crest and
paraxial mesodermal cells must arrive at the designated
locations of the sutures in the correct time frame, since it is
well known that a delay or an arrest in neural crest migration
adversely affects the formation of the cranial vault. Second,
the bony plates must grow toward one another through cell
proliferation until the two are approximating (i.e., the inter-
frontal, sagittal, and lambdoid sutures) or, in some cases,
overlapping (the coronal suture). Third, osteoblasts must
differentiate and form a bony bridge between the two bony
plates (in the case of the inter-frontal suture)—or not form a
bony bridge if the fate of the particular suture is to remain
open (i.e., sagittal, coronal, and lambdoid). A defect in any
one of these steps may lead to abnormalities in suture fusion
and therefore lead to a disease state.
Over the last several years, scientists exploring the genetic
underpinnings of suture defects have uncovered some key
regulators of this process. Msx-1, a homeobox gene target of
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FGF pathway, were both identified as critical inhibitors of
suture fusion and mice that lack just one copy of either of
these genes form holes in the skull called calvarial foramina
(Ishii et al., 2003; Wilkie, 1997; Wilkie and Morriss-Kay,
2001). But which step in the developmental program of
suture fusion is disrupted in these mutant mice?
Robert Maxson and his colleagues recently undertook an
exemplary series of experiments to pinpoint the cellular
defect resulting from ablation of Msx2 function (Ishii et al.,
2003). Using a genetic method to mark neural crest derived
cells, they first demonstrated that the defect in Msx2
heterozygotes was not due to faulty neural crest migration:
there was no difference in the number of neural crest derived
mesenchymal cells residing in the suture gap between
mutant and wild-type animals. They next demonstrated that
there was no difference in apoptosis between wild-type and
Msx2/ animals. Instead, they discovered that the Msx2
mutation affected the ability of skeletogenic mesenchyme in
the frontal bone to first proliferate and later, to differentiate
(Ishii et al., 2003). The underlying defect appears to be
inappropriate cell mixing; in other words, neural crest cells
that form the frontal bone and mesodermal cells that form the
parietal bone, don’t respect a cellular boundary and the net
result is improper assimilation among the two cell groups and
subsequent fusion of the bones. Which molecules mediate
this boundary formation still remains to be determined, but
since the generation of compartment boundaries and fields is
a common theme during embryonic development, there are a
number of attractive candidates to pursue.
Since mutations in Twist and Msx2 produce similar phe-
notypes, and these two genes are expressed in the same cell
population, the investigators also sought to determine if these
mutations occurred in the same genetic pathway. They
generated Twist+/::Msx-2/ mice and found that the com-
pound mutants exhibit a more dramatic phenotype than either
single mutant alone (Ishii et al., 2003). These data indicate
that Twist and Msx2 do not function through a single path-
way, but rather that they act in parallel. Is this a case where a
genetic signal, Msx2, becomes integrated with an epigenetic
signal, the mechanosensor Twist, to regulate osteogenesis?
Bioengineering models predict that formation of the skull
bones is influenced by mechanical forces (Henderson et al.,
2004), so this hypothesis may soon be directly testable.Evolutionary pressures that modify the skeleton
Darwin wrote, ‘‘It may metaphorically be said that natural
selection is daily and hourly scrutinizing, throughout the
world, the slightest variations. . .silently and insensibly
working, whenever and wherever opportunity offers. We
see nothing of these slow changes in progress until the hand
of time has marked the lapse of ages..’’ (Darwin, 1875).
Centuries later, we understand that variations in skeletal
pattern are generated, not by unidirectional modifications thatcreep along on a geological time-scale, but by swift and
tortuous adjustments that lead inexorably towards diversifi-
cation. We can watch as Nature alters skeletal form from one
generation to the next but until recently, we had few clues as
to how such variations were brought about. Now, new studies
using fish as a model system provide us with remarkable
insights into how evolution drives diversification of the
skeletal form.
Cichlids are small East African rift fish that have speciated
at what can only be described as breakneck speeds: current
estimates are that over 2000 species have evolved within the
last 10 million years (Kocher, 2004). It should not come as a
surprise that the jaw skeleton is the most divergent part of the
skeletons in these fishes, since the facial skeleton and its
associated tissues are acknowledged to be structural targets of
natural selection because of their importance to food
acquisition. But not all cichlid jaws are equal: those fish that
occupy the East African Great Lake have speciated to a
greater degree compared to their river-dwelling counterparts
(Abila et al., 2004). Presumably, this difference in the rate of
speciation was caused by the diversity of food sources in the
lake compared to the river. The point, however, is that the jaw
skeleton is capable of undergoing dramatic alterations in size
and shape in order to allow its owner to prey on different
types of food stuffs. Just how does the jaw skeleton undergo
these rapid evolutionary transitions? Norihiro Okada and his
colleagues postulated that genes responsible for such mor-
phological variations are likely to have changed to a greater
degree in the Lake cichlids than they did in the river cichlids.
The group evaluated the frequency of amino acid sub-
stitutions in genes with known roles in regulating skeletal
shape changes, and found no significant differences in amino
acid substitution rates for the transcription factors Otx1,
Otx2, and Pax9 (Terai et al., 2002). A different story emerged,
however, when they examined a region mapping close to
Bone morphogenetic protein 4 (Bmp4). Bmps are secreted
ligands that have been implicated in processes as divergent
as cell division (Song et al., 1995), cell differentiation
(Amedee et al., 1994), and programmed cell death (Zou
and Niswander, 1996), and have well-documented roles in
regulating chondrocyte maturation and endochondral ossifi-
cation (Minina et al., 2001; Wozney et al., 1988). Okada’s
group found that amino acid substitutions were higher in the
pro-domain of the Bmp4 protein relative to other genes (Terai
et al., 2002). While this association is correlative, it suggests
that by altering the pro-domain of a protein, the function of
the molecule can be differentially modulated and presumably
these genetic modifications could account for some of the
morphological variations seen in the jaw skeleton.
Cichlids aren’t the only fish in the sea, though: a similarly
fascinating story has surfaced with the three spine stickle-
back occupying center stage. Stickleback fish exist in both
marine and fresh waters and one of the most notable
differences in their anatomy is their widely divergent lateral
plate, which serves as a type of armor. These phenotypic
variations in stickleback armor were probably influenced by
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marine sticklebacks have a pelvic girdle that is well
developed and contains prominent, bilateral pelvic spines,
whereas several freshwater sticklebacks (who live their lives
in the relative absence of predatory pressures from larger
fish) have evolved complete or partial loss of their pelvic
skeleton (Shapiro et al., 2004). In attempting to determine
how the morphological variation in pelvis shape might have
arisen, marine and freshwater fish were inter-bred in order to
generate progeny with intermediate pelvic phenotypes and
then quantitative trait loci (QTL) analyses were used to map
locations in the genome that co-segregated with the
morphological alterations. The group of scientists identified
a candidate gene, Pitx1, from a QTL at one end of a linkage
group (Shapiro et al., 2004). Pitx genes are involved in left–
right asymmetry, as well as cardiovascular, pituitary, eye,
pharyngeal arch, brain, and importantly for this study,
hindlimb development (Gage et al., 1999). The group
determined that although the coding region of Pitx1 was
identical between marine and freshwater sticklebacks, the
pelvic expression pattern of the gene was altered between the
species. Specifically, freshwater sticklebacks lacked Pitx1 in
the pelvic region, which suggested that a mutation in a
pelvic-specific regulatory region of the gene was responsible
for the morphological alteration (Shapiro et al., 2004).
Both the cichlid and stickleback studies are beautiful
illustrations of first, how dramatic skeletal variations can
arise from very few changes in gene function; second, how
modern genetic techniques can be applied to closely related
species in order to address questions about the molecular
basis for evolution; and third, how changes in the skeleton
seem to be among the most important predecessors to
subsequent changes in a animal’s other biological functions.Conclusions
Andreas Vesalius described the skeleton as ‘‘the fabric of
the human body’’ (Vesalius, 1543), and for half of a
millennium, developmental and evolutionary biologists,
bioengineers, and clinicians have labored to further our
understanding of the mechanisms by which the bony
landscape of the body is established. New data underscore
the unique features of head, appendicular, and axial ske-
letons, and a number of studies are providing clues as to
how the skeleton undergoes repair and regeneration. And
while there still remains a black box between mechanical
stimuli and molecular signals and how each molds the
skeleton, new studies are identifying putative mechanosen-
sors that may be responsible for this signal transduction, and
are pioneering new methods to measure such forces within a
tissue. When all of these innovative advances are considered
together, one cannot help but agree with Theodor Herzl that
the skeleton is ‘‘a marvelous machine. . .a chemical labo-
ratory, a power-house, every movement, voluntary or
involuntary, full of secrets and marvels’’.Acknowledgments
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